In Vicia faba L., the tissue specific proteins, legumin and vicilin, are synthesized during the cell expansion phase of cotyledon development. During this growth period, RNA and nuclear DNA increase 8-to 10-fold. 'H-Uridine and 'H-adenosine are incorporated into ribosomal RNA, both 25S and 18S, and into transfer RNA. DNA isolated from cotyledons in the cell division phase of growth has been compared with DNA isolated from cotyledons undergoing expansion growth. Re In this paper, we examine the changes which take place in the levels of DNA and RNA in V. faba cotyledons during the period of maximum production of legumin, i.e. during the cell expansion phase of cotyledon growth. Some of the characteristics of the newly formed DNA and RNA are described.
During development, seeds of Leguminosae synthesize large amounts of specific storage proteins, primarily in the cotyledons. In Vicia faba L. (broad bean) and Pisum sativum L. (pea), the proteins are two high molecular weight globulins, legumin and vicilin, and the corresponding proteins in the two species are immunologically closely related (19) . The pattern of legumin accumulation during cotyledon development in Vicia faba has been described (19) , using antibodies prepared against purified legumin. Although traces of legumin are present even in very young cotyledons, there is a sharp increase in legumin synthesis after the full complement of cells has been achieved by cell division. Legumin synthesis continues during growth by cell expansion and finally constitutes 27% of the total cell protein.
In this paper, we examine the changes which take place in the levels of DNA and RNA in V. faba cotyledons during the period of maximum production of legumin, i.e. during the cell expansion phase of cotyledon growth. Some of the characteristics of the newly formed DNA and RNA are described.
MATERIALS AND METHODS
Plant Material. The data of Figure 1 were obtained using seeds of Vicia faba L. (cultivar unknown) as described previ- ously (19) . All other data were obtained using V. faba, cv. Early Long Pod. Plants were grown in the Controlled Environment Research Laboratory in Canberra. Seeds were planted in an equal mixture of perlite and vermiculite, and irrigated twice daily, once with half-strength Hoagland's nutrient solution.
After 1 week in a glasshouse at 24 C day, 19 C night temperature, plants were transferred to 18 C day, 13 C night temperature. Natural illumination was used, and the photoperiod was extended with supplementary low incandescent light. In summer, plants flowered 5 weeks from sowing. Cotyledons up to 13 mm length (about 25 days from flowering) correspond to phase I of Briarty et al. (3) ; cotyledons up to 28 mm, the initiation of dehydration, are equivalent to phases II and III (3) . Cotyledons were 19 to 21 mm about 32 days from opening of the flower. Developing seeds were harvested, the testa and plant axis were removed, and the cotyledons were used for analysis. As described previously (19) , the length of the long axis or the fresh weight of the cotyledons was used as a measure of development.
Cell Number. The number of cells per cotyledon was determined as described by Rijven and Wardlaw (24) .
Estimation of DNA and RNA. Cotyledons were collected from developing seeds of all ages up to maximum fresh weight. Duplicate, pooled samples of each size were obtained. Fats and cold acid-soluble substances were extracted as described by Williams and Rijven (31) except that at step 5 four extractions (70% ethanol, 15 min) were employed. Nucleic acids were subsequently extracted with 0.5 N perchloric acid at 70 C for 15 min, and the UV absorption of the extracts was monitored. With older cotyledons (e.g., 25 mm in length) up to eight extractions were necessary for complete removal of nucleic acids. Total nucleic acid was estimated from absorbance at 260 nm of the combined perchloric acid extracts assuming that 1 mg nucleic acid/ml had E260 of 30 units. An aliquot of the perchloric acid extract was used to determine DNA (6) , and RNA was obtained by difference.
Uptake and Incorporation of Labeled Nucleosides. Detached cotyledons were incubated at 25 C, with gentle shaking in 5 ml of sterile nutrient (15) , containing tritium-labeled nucleosides. Incorporation was measured following isolation of nucleic acids according to Solymosy et al. (27) (18) . DNA from M. lysodeikticus (p 1.731 g/cm') was included in each sample as a density marker.
Reassociation Kinetics. The reassociation kinetics of heatdenatured DNA were determined by monitoring (Gilford 2400 spectrophotometer) the hypochromicity during reassociation. Reassociation was carried out in 0.12 M phosphate buffer, an equimolar mixture of Na2HPO, and NaH2PO4 (4) , at 61 C or in 5 x SSC, 50% formamide at 37 C (these latter conditions are acceptable by the criteria of McConaughy et al. (20) , since the Tm for V. faba DNA under these conditions is 61 + 0.5 C). The rates of reassociation in 5 x SSC, 50% formamide have been corrected to those of 0.12 M sodium phosphate from the data of Britten and Smith (5). E. coli DNA (74 [kg/ml) was used as a standard to check for fluctuations in the reassociating conditions. Absorbance changes were measured at 260 nm in phosphate buffer, and at 270 nm in formamide. Rates of reassociation were generally monitored in 1-cm light path cuvettes at a DNA concentration of 75 to 80 ig/ml. For the very slowly reassociating component, 1-mm light path cuvettes and a DNA concentration of 900 to 925 1ig/ml were used. This concentration of DNA was obtained by precipitating sonicated DNA with ethanol, dissolving the precipitated DNA in 5 X SSC, 50% formamide, and exhaustively dialyzing against 5 X SSC, 50% formamide. If necessary, the DNA solution was further concentrated in the dialysis sac with Ficoll (mol wt approximately 400,000; Pharmacia). The DNA solution was again dialyzed against 5 X SSC, 50% formamide. The hyperchromicity observed on denaturation was 35 to 38% for all preparations of DNA.
RESULTS
Pattern of Cotyledon Development. The two phases of cotyledon growth have been defined by following changes in the number of cells present during development (19) . In the material used for the experiments reported in this paper, the growing conditions were such that the full complement of cells was reached when the long axis of the cotyledons was 13 to 14 mm (about 25 days after flowering). An average measurement for the maximum number of cells per cotyledon was 2.8 x 106.
DNA and RNA Content of Cotyledons during Development. The changes in nucleic acids during cotyledon development are shown in Figure 1 . DNA and RNA content increased throughout development, and the greatest increase occurred during growth by cell expansion. This continuing increase in DNA per cell is in agreement with the data of Wheeler and Boulter (30) , who showed that the most rapid increase in DNA and RNA occurred between 36 and 45 days after flowering, and that cell division had ceased 25 days after flowering (3) .
Using the data of Figure 1 (25, 26) . Nature of RNA Synthesized during Growth by Cell Expansion. We tested the possibility that the rapid synthesis of storage proteins was correlated with changes in specific RNA species. Detached cotyledons (22 mm) were incubated at 25 C for 22 hr in a mixture of 'H-uridine (4 1,1c/ ml) and 'H-adenosine (4 ,uc/ml). The nucleic acids were then extracted, the various species were resolved by acrylamide gel electrophoresis, and the distribution of the label determined. The absorbance and radioactivity patterns coincided, most of the label being incorporated into ribosomal RNA, both 25S and 18S, and into tRNA (Fig. 2) . The incorporation in vivo of 'H-uridine into ribosomes of developing V. faba cotyledons has been reported by Payne and Boulter (23) .
Nature of DNA Synthesized during Growth by Cell Expansion. Nuclear Location. Detached cotyledons (21 or 22 mm) were incubated for varying periods in medium containing 20 luc/ml 'H-thymidine, and the fate of the label was studied by autoradiography of Feulgen-stained squashes. In all cases, the label was found to be restricted to the nucleus. After 22 hr incubation, all parenchymatous cells and cells of the vascular strands showed incorporation into the nucleus.
Buoyant Density. The increased DNA per nucleus may represent replication of part (selective amplification) or all of the genome (endoreduplication). As a criterion to assist in distinguishing between these alternatives, the buoyant density of DNA isolated from cotyledons in the cell division phase of growth was compared with that of DNA isolated from cotyledons growing by cell expansion. Both DNA preparations gave a single band of density 1.696 ± .001 g/cm3, a value in good agreement with those reported for nuclear DNA from roots (14) and leaves (29) of V. faba. It was concluded that the extra DNA synthesized during cell expansion had the same over-all base composition as the 2c DNA and, as there was no evidence of a satellite band in the DNA from the cell expansion phase, it was unlikely that there had been extensive amplification of a specific segment of the genome.
Additional support for the conclusion that the extra DNA synthesized in the cell expansion phase was similar to the pre- (31) . Total nucleic acids were estimated at 260 nm assuming 1 mg nucleic acid/ml had E260 nm of 30 units. DNA was determined (6) and RNA obtained by difference. (Fig.  3a) , that the radioactivity pattern coincided with the absorbance pattern. A similar result (Fig. 3b) (15) containing 'H-uridine (4 uc/ml) and 3H-adenosine (4 ,uc/ml). Nucleic acids were isolated, resolved on acrylamide gels, and the distribution of the label determined. Absorbance at 260 nm (---); radioactivity (0). for long periods. However, with this method, the initial rates of reassociation of the highly reiterative sequences were so rapid, it was not possible to obtain accurate measurements. The kinetics of reassociation of the highly reiterative sequences - (6 g PPO, 0.6 g POPOP, 330 ml Triton X-100 per 670 ml toluene) to a 0.5-ml sample of the diluted fractions and counting in a Packard scintillation spectrometer. Absorbance at 260 nm (0); radioactivity (A). b: 2.5 ,ug (40,000 cpm) 3H-thymidine labeled DNA from old cotyledons (25 mm) and 48 /kg unlabeled DNA from young cotyledons (<10 mm) were centrifuged in CsCl and analyzed as described for a).
were therefore measured at higher temperature (61 C) in 0.12 M phosphate, conditions which allow a more precise analysis of rapidly reassociating species.
As is shown in Figure 4 , the kinetics of reassociation are similar for the two types of DNA. The small separation of the two curves at low Cot values was not reproducible and was, we believe, caused by experimental difficulties. When the kinetics of the rapidly reassociating components were measured in 0.12 M phosphate at 61 C, the curves were identical (Fig. 5) for DNA from both phases of cotyledon growth and from shoots of germinated seeds of V. faba.
For both types of DNA, the reassociation kinetics show (Fig.  4) approximately 30% unique sequences and 70% of families of sequences of varying degrees of reiteration. The patterns of reassociation, as indicated by the smooth form of the curves, show no distinct proportion of highly reiterated sequences. The evidence, then, indicates that in the large nuclei there has been replication of the whole genome (endoreduplication).
Incorporation of 3H-Thymidine into DNA during Cell Expansion Growth in Cotyledons from Other Legumes. (0); from shoots of germinated seeds (a). E. coli DNA (0) was used as a standard to check for fluctuations in reassociating conditions. The rates of reassociation were measured at 61 C. Hyperchromicity observed on denaturation was 35 to 38%. tain whether synthesis of DNA beyond the cell division phase was a general feature of legume cotyledons, the incorporation of 3H-thymidine during growth by cell expansion was checked in two other species. Cotyledons were removed from developing seeds of P. sativum var. Alaska and from fenugreek (Trigonella foenum graecum L.) and incubated in 3H-thymidine. In both types of seed, the developmental stage was well beyond completion of cell division and microscopic observation showed no mitotic figures in Feulgen-stained squashes. With The pattern of labeling, following incorporation of 3H-labeled uridine and adenosine into the cotyledons indicates that substantial synthesis of ribosomal and transfer RNAs is taking place. Synthesis of these RNA species is not unexpected because the cells are actively involved in the large scale production of protein, both storage and metabolic. The procedures used in the experiments do not allow us to comment on the question of messenger RNA synthesis. Obviously, the developing cotyledon system has considerable potential for studies on the synthesis of the specific messenger RNAs for legumin and vicilin, and experiments directed towards this problem are currently underway in our laboratory.
The continuing synthesis of DNA during the cell expansion phase of growth is not, however, so readily explained. There is considerable evidence that cell elongation (7, 13) and hormoneinduced cell expansion (summarized in 17) Another possible role for the extra DNA might be in connection with the specialized process of storage protein synthesis. For instance, amplification of genes concerned in the production of legumin and vicilin might conceivably account for some of the increased synthesis of DNA. However, this does not appear to be so. The proportions of reiterative (70%) and unique sequences (30%) are the same (Figs. 4 and 5) for DNA isolated from cotyledons in the cell division phase of growth and from cotyledons undergoing growth by cell expansion. Likewise, the kinetics of reassociation are identical (Figs. 4 and 5) for DNA isolated from both growth phases. Thus the increased DNA would appear to represent replication of the whole genome (endoreduplication) and this view is supported by the CsCl density equilibrium patterns which are identical for the DNAs from the two stages of growth (Fig. 3) . On the basis of our data, the possibility of selective amplification of the structural genes for legumin and vicilin cannot be eliminated. It is interesting to note, however, that in the case of the specialized silk glands of Bombyx mori specific amplification of the gene for fibroin does not occur (28) .
Many other examples are known of cells in which differentiation to a specialized function is accompanied by a large increase in the DNA content of the cells. In some cases endoreduplication seems to be involved, and this is so in the silk gland of B. mori (1 1). On the other hand, there are cases known where differentiation to specialized function does not involve uniform replication of the whole genome. In Drosophila during polytenization of the salivary-gland cells much of the reiterative DNA is excluded from replication (8, 12) . Although polytene chromosomes have been observed in the suspensor cells of Phaseolus vulgaris (22), we have not found any indications of polytene chromosomes during cotyledon development in V. faba. As mentioned above, the evidence favors the view that the extra rounds of DNA synthesis in V. faba cotyledons involve endoreduplication and are thus analogous to the situation in the silk gland of Bombyx mori.
